Transient receptor potential "canonical" cation channels (TRPC) are involved in many cellular activities, including neuronal synaptic transmission. These channels couple lipid metabolism, calcium homeostasis, and electrophysiological properties as they are calcium permeable and activated through the phospholipase C pathway and by diacylglycerol. The TRPC3 subunit is abundantly expressed in Purkinje cells (PCs), where it mediates slow metabotropic glutamate receptor-mediated synaptic responses. Recently, it has been shown that heterozygous moonwalker mice, which are a model of cerebellar ataxia, carry a dominant gain-of-function mutation (T635A) in the TRPC3 gene. This mutation leads to PC loss and dysmorphism, which have been suggested to cause the ataxia. However, the ataxic phenotype is present from a very early stage (before weaning), whereas PC loss does not appear until several months of age. Here we show that another class of cerebellar neurons, the type II unipolar brush cells (UBCs), express functional TRPC3 channels; intriguingly, these cells are ablated in moonwalker mice by 1 month of age. Additionally, we show that in moonwalker mice, intrinsic excitability of PCs is altered as early as 3 weeks after birth. We suggest that this altered excitability and the TRPC3-mediated loss of type II UBCs may both contribute to the ataxic phenotype of these mice and that different calcium handling in PCs and type II UBCs may account for the dramatic differences in sensitivity to the moonwalker mutation between these cell types.
Introduction
Cerebellar ataxias represent complex neurological disorders characterized by loss of balance and coordination. All ataxias are characterized by lesions of the cerebellum, but the precise circuitry deficiencies remain mostly obscure. The moonwalker mouse (Becker et al., 2009 ) is a newly discovered model of cerebellar ataxia in which a gain-of-function mutation (T635A) of the TRPC3 channel leads to Purkinje cell (PC) dysmorphism and some PC loss; the latter becomes progressively evident from 4 months of age in cerebellar hemispheres. The time course of PC loss and the development of ataxia do not overlap, and the phenotype, which is clearly evident at weaning, precedes the PC loss.
In situ hybridization suggests that the PCs are not the only neurons expressing TRPC3 in the adult mouse cerebellum (Schilling and Oberdick, 2009) . Intense TRPC3 signal is localized to cells of the granular layer in the vestibulocerebellum, particularly the nodulus (lobule X) and uvula (lobule IX). These lobules contain high densities of unipolar brush cells (UBCs), whose distribution suggests they could be the TRPC3-expressing cells. Similar to the granule cells, the UBCs transduce excitatory inputs of a variety of mossy fibers (for review, see Mugnaini et al., 2011) under inhibitory control by the Golgi cells (Dugué et al., 2005; Rousseau et al., 2012) ; in turn, UBC axons innervate pools of granule cells, ultimately affecting the output of the overlying PCs. Thus, UBCs provide a powerful amplification system for afferent inputs to the cerebellar cortex (Rossi et al., 1995; Diño et al., 2000; Mugnaini et al., 2011) . The UBC population is chemically and functionally heterogeneous and consists of two main classes, type I and type II. These populations differ in many aspects, including intrinsic excitability, expression of the calcium-binding protein calretinin (CR), size, and distribution (Nunzi et al., 2002; Kim et al., 2012; Sekerková et al., 2013) . Remarkably, one of the distinguishing features between the two cell types is the expression of metabotropic glutamate receptor (mGluR) 1␣ and its downstream effectors, phospholipase C ␤4 and diacylglycerol kinase ␤, that are found in type II but not type I UBCs (Sekerková et al., 2013). These differences suggest that TRPC3 expression may also differ between the two UBC populations as mGluR1 is an activator of transient receptor potential "canonical" cation channels (TRPC) in neurons (Hartmann et al., 2008; Riccio et al., 2009) . Indeed, in the cerebellum, TRPC3 was first identified as a postsynaptic channel involved in the slow synaptic transmission mediated by mGluR1 in PCs, and TRPC3-deficient mice lack the mGluR1-dependent slow EPSC and exhibit a distinct walking deficit attributable to a disturbance in cerebellar sensorimotor integration (Hartmann et al., 2008) .
Here we report that type II UBCs, but not type I UBCs, express TRPC3 channels, which leads to early and complete loss of these cells in moonwalker mice and may thus contribute to the early onset of the ataxic phenotype.
Materials and Methods
Animals. This study was performed on 21-to 32-d-old, 4-month-old, and 7-month-old male mice (bred and housed in the vivarium at Northwestern University) and approved by the Northwestern University Center for Comparative Medicine. The following mouse strains were used: CD1 as wild type; Tg(Grp-EGFP)DV197Gsat (Kim et al., 2012) ; heterozygous moonwalker (Mwk/ ϩ ) (ENU-mutagenized mice; Becker et al., 2009 ) and their wild-type siblings; and TRPC3 Ϫ/Ϫ (Hartmann et al., 2008) .
Histological analysis. Mice were anesthetized with sodium pentobarbital (60 mg/kg body weight) and perfused with 4% formaldehyde in 0.12 M phosphate buffer, pH 7.4. The brains were either embedded in paraffin or cryoprotected in 30% sucrose in PBS. Cryoprotected brains were sectioned serially at 25 m in sagittal or coronal planes on a freezing-stage microtome. Fixed brains were paraffin embedded and sectioned by AML Laboratories. The 10-m-thick paraffin sections were deparaffinized, rehydrated, and treated with commercial Rodent Decloacker (Biocare Medical) in a pressure cooker to unmask antigen sites.
For bright-field microscopy, sections were incubated with primary antibodies and processed according to an avidin/biotin amplification protocol. For immunofluorescence analysis, sections were incubated with a mixture of primary antibodies, which were visualized by secondary antibodies coupled to Alexa 488 or Alexa 594 (Invitrogen). The following primary antibodies were used: mouse anti-CR (1:2000; Millipore), rabbit anti-CR (1:5000; Swant), mouse anti-mGluR1␣ (1:800 -1000; BD Pharmingen), rabbit anti-mGluR1␣ (1:750; Frontier Institute Company), chicken anti-Tbr2 (1:500; Millipore), rabbit anti-TRPC3 (1:1000, catalog #OST00301W, Osenses; 1:500, catalog #ACC-016, Alomone Labs), and rabbit anti-PEP19 (gift from Dr. J. I. Morgan, St. Jude Children's Research Hospital, Memphis, TN). The specificity of the primary antibodies to CR, mGluR1␣, PEP19, and Trb2 was validated previously (Mugnaini et al., 1987; Nunzi et al., 2002; Sekerková et al., 2013) . The specificity of TRPC3 antisera was validated by the absence of staining in TRPC3 Ϫ/Ϫ mouse brain sections (Fig. 1I ) . PC immunoreactivity was apparent in cryosections labeled with the Alomone Labs TRPC3 antibody, whereas UBCs were barely labeled (data not shown). In contrast, the Osenses TRPC3 antibody produced distinct UBC immunolabeling, but only in paraffin sections after antigen retrieval. Notably, PC immunolabeling was attenuated in paraffin sections (Fig. 1A) .
Electrophysiological recordings. Mice were deeply anesthetized with isoflurane and decapitated. The cerebellum was removed and placed in ice-cold modified artificial CSF (mACSF; in mM): 125 NaCl (87 NaCl, 75 sucrose for PCs), 25 NaHCO 3 , 2.5 KCl (1.25 KCl, 1.25 KH 2 PO 4 for PCs), 1.25 NaH 2 PO 4 , 0.2 CaCl 2 , 7 MgCl 2 , 25 glucose (16 glucose for PCs), and 2 kynurenic acid, saturated with 95% O 2 and 5% CO 2 . Parasagittal slices, 280 -300 m thick, were cut using a Vibratome (Leica) and incubated in ACSF (in mM): 125 NaCl, 25 NaHCO 3 , 2.5 KCl (1.25 KCl, 1.25 KH 2 PO 4 for PCs), 1.25 NaH 2 PO 4 , 1.5 CaCl 2 (2 CaCl 2 for PCs), 1 MgCl 2 , and 25 glucose (10 glucose for PCs), saturated with 95% O 2 and 5% CO 2 . Slices were incubated for 20 -30 min at 35°C and then at room temperature; they were then transferred to the recording chamber and visualized using infrared differential interference contrast videomicroscopy with waterimmersion, 40ϫ objective lenses. For current-clamp (CC) recordings, slices were superfused with ACSF. For voltage-clamp (VC) recording of TRP current in UBCs, slices were superfused with mACSF in which CaCl 2 was substituted by BaCl 2 (1 mM) and contained 5 mM TEA, 1 mM CsCl, and 10 M nimodipine. VC and CC recordings were performed in the presence of 2 mM kynurenic acid, 50 M picrotoxin, and 1 M strychnine to block fast synaptic transmission. All UBC recordings were performed from nodulus at 32-34°C. EGFP-tagged type II UBCs were identified using epifluorescence illumination in Tg(Grp-EGFP) DV197Gsat mice. Patched UBCs were filled with Alexa 405 (100 M) for post hoc cell-type identification. UBC types were identified by double immunostaining with antibodies against mGluR1␣ and CR.
Recording pipettes were pulled from borosilicate glass (Sutter Instruments) and had resistances of 5-8 M⍀ (for UBCs) and 4 -6 (for PCs) when filled with an internal solution (in mM): 120 K-gluconate, 20 KCl, 10 HEPES, 10 Na 2 -phosphocreatine, 4 Mg-ATP, 0.3 Na-GTP for PCs; 138 CsCl, 2 NaCl, 2 MgCl 2 , 0.1 EGTA, 2 Na 2 ATP, 0.1 NaGTP, 10 HEPES, and 10 phosphocreatine di(tris) (pH 7.3 with KOH). A total of 5 mM QX-314 was added to block voltage-gated Na ϩ and K ϩ channels. Recordings were performed with Axopatch 200B amplifiers (Molecular Devices) . Current signals were low-pass filtered at 2 or 5 kHz and digitized (10 -20 kHz) using either Digidata 1321A or 1200, controlled by pClamp software (Molecular Devices). Signals from CC recordings were sampled at 20 kHz and filtered at 10 kHz. All the VC recordings had series resistances of Ͻ50 M⍀ that were compensated 40 -60%. All chemicals were from Sigma-Aldrich, except picrotoxin, (RS)-3,5-dihydroxyphenylglycine (DHPG), and 1- Arrows and arrowheads indicate somata and dendritic brushes, respectively (white, type II UBC; blue, type I UBCs). I, J, TRPC3 immunostaining is abolished in the cerebellar sections from a TRPC3 Ϫ/Ϫ mouse (I ); however, the immunostaining of mGluR1␣ in type II UBCs (arrowheads) and PCs (labeling in ml) appears unaffected (J ). Asterisks indicate PC somata. ml, Molecular layer; gcl granule cell layer.
which were from Abcam. Data are presented as mean Ϯ SEM; error bars in the figures also represent SEM.
Results

TRPC3 is selectively expressed in type II UBCs
We aimed to identify the TRPC3-expressing cells in the granule cell layers previously observed by Schilling and Oberdick (2009) . To this end, we used the TRPC3 antibody from Osenses, which showed distinct TRPC3 labeling of UBCs in the paraffin sections (Fig. 1) . The staining revealed a moderate immunolabeling in the UBC soma and intense immunolabeling in the dendritic brush (Fig. 1B) . UBC axons and axonal terminals (intrinsic mossy fibers) were immunonegative. With the exception of PCs, whose immunolabeling was attenuated in the paraffin sections (Fig.  1A) , no other cerebellar neurons were labeled.
TRPC3-labeled UBCs showed typical distribution, with enrichment in the vestibulocerebellum, especially in the nodulus, in folia IXb and IXc of uvula (Fig. 1A) , and in the flocculus/parfloccular transition zone (data not shown). Moreover, TRPC3-labeled UBCs were scattered throughout other cerebellar lobes, suggesting that TRPC3 labeling was mostly, if not entirely, limited to type II UBCs. To unequivocally identify the TRPC3-expressing UBC subtype, we used confocal imaging and double labeling with subtype-specific UBC markers CR (type I) and mGluR1␣ (type II). These experiments revealed colabeling of mGluR1␣ and TRPC3 in type II UBCs (Fig. 1C-E) . In contrast, no type I UBC showed TRPC3 labeling ( Fig. 1F-H ) . As our data indicate type II UBCs as the only other source of TRPC3 besides PCs in the cerebellum, we focused our further investigation on these cell types.
First, we looked at type II UBCs in TRPC3 Ϫ/Ϫ mice. As expected, no TRPC3 staining was detectable (Fig. 1I ) although both type II UBCs and PCs were normally present in the cerebellum and contained mGluR1␣ ( Fig. 1J ; see also Hartmann et al., 2008).
The morphology and cerebellar distribution of type II UBCs were similar to wildtype mice and were not investigated further.
Next, we performed patch-clamp recordings from acute slices to examine whether TRPC3 channels in type II UBCs are functional. For these experiments, we used Tg(Grp-EGFP)DV197Gsat mice, in which EGFP is expressed in type II (mGluR1␣-positive) UBCs and allows their identification (Kim et al., 2012) . In PCs, TRPC3 current is mediated by mGluR1 activation (Hartmann et al., 2008; Becker et al., 2009 ). Thus, we tested the mGluR1 agonist DHPG (50 M) on type II UBCs. UBCs were held at Ϫ70 mV and probed with voltage ramps (Ϫ100 to 50 mV, 1 s, at 0.1 Hz; Fig. 2B ). Bath application of DHPG caused an ϳ2.5-fold current increase ( Fig. 2A) . mGluR1 activation by DHPG, however, may activate other channels beside TRPC3; thus, DHPG activation of TRPC3 current was verified by applying the TRPC3 blocker Pyr3 (Kiyonaka et al., 2009) on top of DHPG. Pyr3 (30 M) application led to a significant reduction in the DHPGactivated current (Pyr3 reduced the DHPGactivated current by 54.5 Ϯ 10.6%, p Ͻ 0.05, n ϭ 10; Fig. 2A ). Off-line subtraction allowed the isolation of the DHPG-activated, Pyr3-sensitive TRPC3 current (Fig. 2C) . No Pyr3-sensitive current was detected in TRPC3 Ϫ/Ϫ mice (Fig.  2D) , although DHPG still evoked a small current in three of five cells ( Fig. 2A, red trace) . Together, these data show that activation of group I mGluR gates TRPC3 channels in type II UBCs.
Loss of type II UBCs in the moonwalker mouse
From 3 weeks of age, Mwk/ ϩ mice are severely ataxic, but a PCs loss is evident only from 4 months of age (Becker et al., 2009) . Our data show that, similar to PCs, type II UBCs express functional TRPC3 channels, and we hypothesized that the moonwalker mutation would similarly affect both cell types. To our surprise, however, neither TRPC3 nor mGluR1␣ immunolabeling detected any type II UBC in the cerebella of 4-month-old Mwk/ ϩ mice (data not shown). Subsequently, we analyzed sections from 1-month-old Mwk/ ϩ mice and found that type II UBCs were almost completely absent (Fig. 3 A,B,E,F,I ). mGluR1␣-immunolabeled UBCs were extremely rare in the vestibulocerebellum (Fig.  3E,F,I ) and absent in other lobules. Similar to wild-type cerebella, CR-positive type I UBCs in Mwk/ ϩ cerebella were restricted to the vestibulocerebellum (Fig. 3C,G) . Unlike mGluR1␣-positive UBCs, which completely disappear after 1 month of age, CR-positive UBCs were retained in older animals, albeit in reduced numbers (Fig.  3I,J) . To verify that the absence of mGluR1␣ UBCs is caused by cell loss and not to changes in mGluR1␣ expression, we used immunolabeling to detect the presence of Tbr2 (UBC-specific marker; Englund et al., 2006; Sekerková et al., 2013) in UBC nuclei. Tbr2-immunoreactive nuclei were present in the granule cell layer of the vestibulocerebellum of both wild-type (Fig. 3D) and Mwk/ ϩ (Fig. 3H ) mice. Notably, in Mwk/ ϩ mice, the density of Tbr2-positive nuclei was reduced, and their distribution overlapped with type I UBCs (Fig. 3 I, J ) . 
PCs of moonwalker mice are functionally altered by 3 weeks after birth
Our data show that in Mwk/ ϩ mice, type II cerebellar UBCs are ablated much earlier than PCs, whose number is still normal several months after the appearance of the ataxic symptoms. This suggests that UBC ablation may be critical for the ataxic phenotype.
However, the presence of PCs with relatively normal morphology (Fig. 4A-C) does not imply that these cells are functionally intact (Becker et al., 2009 ). Therefore, we performed patch-clamp recordings in slices from 21-to 28-d-old wild-type and Mwk/ ϩ mice and compared the intrinsic electrophysiological properties of PCs. Cell-attached recordings showed that although all (n ϭ 8) PCs recorded in wild-type animals were spontaneously firing, only ϳ10% (3 of 30) of the PCs of Mwk/ ϩ mice were firing (Fig.  4 D, E,J ). This could be attributable to either hyperpolarization or depolarization block. Whole-cell recordings showed that, similar to the extracellular measurements, all wild-type PCs were firing (Fig. 4F ) , whereas 50% of the PCs from Mwk/ ϩ mice were silent and depolarized (V m ϭ Ϫ33 Ϯ 1.2 mV, n ϭ 7, data not shown). Interestingly, the Mwk/ ϩ PCs that were active (Fig. 4G ), fired at slightly higher frequency than PCs from wild-type (83 Ϯ 23 Hz vs 69 Ϯ 11 Hz, n ϭ 7 and 8, respectively). These data suggest that Mwk/ ϩ PCs are generally depolarized and that the silent PCs observed in cell attached recordings were in a depolarization block. In keeping with this interpretation, when silent Mwk/ ϩ PCs were hyperpolarized with injection of negative current, they were able to fire, although at a slower frequency than control cells (Fig. 4 H, I ). Thus, PCs of Mwk/ ϩ mice show important changes in intrinsic electrophysiological properties early in postnatal development.
Discussion
Here we report several novel and intriguing findings. We show that TRPC3 is differentially expressed in the two UBC populations; as a consequence of TRPC3 expression in type II UBCs, these neurons are ablated in moonwalker mice, and the time course of UBC cell loss better matches the ataxic phenotype than the PC loss, which is incomplete (most cells are spared) and only appears much later. Interestingly, the density of type I UBCs, which do not express TRPC3 in adult mice, is also severely reduced; whether this is caused by transient TRPC3 expression in some developmental stage or attributable to some deafferentation remains to be established. We also show that the intrinsic electrophysiological properties of PCs are already compromised at an early stage; each of these events may possibly play a causal role in establishing the ataxic phenotype. Finally, we show that the same TRPC3 mutation has dramatically different effects in UBCs, which are eliminated by 1 month, and PCs, which do not show cell death for several months.
TRPC3 expression in UBCs and ataxia
We demonstrated TRPC3 protein expression in type II UBCs. Electrophysiological recordings from these cells revealed that mGluR1 activation elicits a current sensitive to the TRPC3 blocker Pyr3, supporting the idea that functional TRPC3 channels are inserted into the membrane of these interneurons. In contrast, TRPC3 immunoreactivity was absent in type I UBCs, providing further evidence of diversification within the UBC population. Type II UBCs are virtually absent in moonwalker mice as early as 1 month after birth, an age when the ataxic phenotype is already established and PCs show only minor morphological alterations. Whether type II UBCs develop normally and then die early or are not properly generated will require additional studies, but the fact that some, although very few, type II UBCs are still detectable in 1-month-old Mwk/ ϩ mice suggests that they develop normally. Mwk/Mwk mutants are not viable; on the other hand, Mwk/ ϩ mice, although half the size of their wildtype littermates, are fertile but display gait abnormalities on completion of the postnatal cerebellar morphogenesis (postnatal day 21) (Becker et al., 2009 ). The ataxic phenotype of moonwalker mice was attributed to impaired development of the PC dendrites, with a moderate PC loss developing over time between 4 and 9 months of age. Because massive ablation of type II UBCs is already present in 1-month-old Mwk/ ϩ mice, it is possible that their disappearance contributes to the ataxic phenotype, although the PC electrophysiological dysfunction is also likely to contribute (Shakkottai et al., 2011) . Interestingly, unlike type I UBCs, type II UBCs are also present in spinocerebellar lobules, supporting the idea that these neurons may contribute to motor dysfunction in the TRPC3 Ϫ/Ϫ (Hartmann et al., 2008) and Mwk/ ϩ mice. Intriguingly, expression of the human TRPC3 gene is regulated by DNA methylation of the promoter CpG island, and the rare, unmethylated genotype is present at a higher frequency in idiopathic ataxia patients (Martin-Trujillo et al., 2011) . It may be proposed that the resulting TRPC3 overexpression is functionally similar to the moonwalker mutation. Furthermore, the moonwalker mutation may also represent a model for spinocerebellar ataxia 14, in which a mutation in PKC␥ results in insufficient phosphorylation of an inhibitory site of the TRPC3 channel (Adachi et al., 2008) .
Differences in calcium homeostasis may explain the different effect of the moonwalker mutation in PCs and UBCs
In the PCs, which abundantly express TRPC3 throughout their somatodendritic compartments, the moonwalker mutation results in dysmorphic dendritic arbors, with a moderate cell loss apparent at 4 months of age. Thus, we expected that the brush dendrioles of type II UBCs of Mwk/ ϩ mice would also be reduced in length, size, or number. Yet, the early ablation of the type II UBC subclass was surprising. Because TRPC3 channels are highly calcium permeable, it is tempting to propose that the moonwalker gain-offunction mutation produces increased calcium influx that eventually overcomes the cell's handling capability and leads to cell death. Because PCs show intense expression of calcium-binding and calcium-regulating proteins (calbindin, parvalbumin, calmodulin, CaMKII), whereas no major calciumbinding protein is strongly expressed by type II UBCs (Nunzi et al., 2002; Kim et al., 2012) , the calcium buffering capacity might greatly differ in the two cell types. Moreover, cytoplasmic volume is very small in UBCs compared with PCs. A combination of these factors might explain why the same mutation produces much earlier cell death of type II UBCs compared with PCs. 
